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Current approaches to rockfall hazard and risk mitigation have been dominated by
a model in which rockfall is treated as a global slope stability phenomenon which is
mainly triggered by precipitation, freeze-thaw, or root wedging. The methods
implemented by many public agencies and private entities developed from this
conceptualization. These methods, such as the Rockfall Hazard Rating System, Key
Block and Key Group Analysis, and remote sensing using LIDAR or digital images, are
best applied to the end-members of slopes, such as pure engineered soil or structurally
simple and consistent rock slopes. Slopes exhibiting complex structure, slopes that cross
formations or fault zones, or faults that consist of mixed zones of soil and rock can not be
accurately assessed by these methods. Our new data on rockfall patterns in the Valley
and Ridge Province of Virginia show that a large component of rockfall is triggered
neither by climatic, seismic, or other events, but depends heavily on the structural and
lithological characteristics of the rock mass. Understanding this pattern offers the
potential for a more rational, cost-effective, and safer design philosophy for all types of
rockfall. Rock mass indices that take into account the structural and lithological aspects
of a rock slope provide a more reliable tool for predicting rockfall behavior than those in
current use. Indices such as the Rock Mass Rating System (RMR), the Norwegian
Geotechnical Institute’s Tunneling Index (Q), or Geological Strength Index (GSI)
correlate particularly well with rockfall hazard. The three papers included within this

Dissertation focus on specific aspects of this new rockfall protection philosophy. The
first paper is a case study of a failed slope in Bath County, Virginia, where traditional
methods of slope analysis failed. The second paper focuses on the failure of the Rockfall
Hazard rating System to adequately ensure the safety of the traveling public and presents
the theoretical basis for rockfall patterns and presents a new suggestion for roc slope
management. The third paper focuses on the structural and lithological controls on
rockfall and explores the possibility of using rock mass strength indices as proxies for
rockfall.
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NEW METHODS FOR SLOPE RISK ANALYSIS

Brian Bruckno, P.G.1, Dr. Nan Lindsley-Griffin, PhD2, Dr. John Griffin, PhD3

ABSTRACT

A number of methods to assess rock and soil slope stability have been developed in
recent years. Among many analysis methods, the Rockfall Hazard Rating System, Key
Block and Key Group Analysis, and remote sensing using LIDAR or digital images have
been implemented by many public agencies and private entities. These methods are best
applied to the end-members of slopes, such as pure engineered soil or structurally simple
and consistent rock slopes. Slopes exhibiting complex structure, slopes that cross
formations or fault zones, or faults that consist of mixed zones of soil and rock can not be
accurately assessed by these methods. Observations of the actual behavior of
problematic slopes have shown that slope deterioration can be characterized by a powerlaw behavior curve. This allows the construction of discrimination diagrams which
provide a tool for assessing risk and choosing remediation strategies.
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INTRODUCTION

A hybrid soil/rock slope lies on the east side of the northbound lane of Route 220 south
of the town of Healing Springs in Bath County, Virginia. Route 220 is very heavilytraveled by both commuters and commercial vehicles; the area is also a vacation and
resort destination. This slope has presented a rockfall hazard to the traveling public for
some decades. Risk is increased by poor sight distance due to both horizontal and
vertical curves and very narrow shoulders. Overhead power lines at the top of the slope
present an obstacle to slope reconstruction; additionally, an 8-inch sewer and 6-inch
water supply line are recorded as running along the west and east shoulders, respectively,
of Route 220, and anecdotal evidence suggests that a private water line supplying the
Homestead Resort in nearby Hot Springs also runs through the area. These utilities make
ditch reconstruction prohibitively expensive.

A rockfall interception fence was constructed in order to catch rockfall before the
boulders entered the travel lanes. However, lack of data led to the fence being undersized
for the clastic material being shed off of the slope. As can be seen in Figure 1, the fence
is rapidly approaching the end of its useful life.

In Winter 2009, the Virginia Department of Transportation decided to design an
effective, economically appropriate system of protecting the traveling public. Three
fundamental methods of assessing slope hazard were used: global slope stability using
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stereonets and safety factor calculations to analyze the structural relationships, analysis
by the Rockfall Hazard Rating System (RHRS), and the Rock Mass Rating (RMR),

The different
methods, along with
results and
interpretations, are
summarized in Table
1 and discussed
below. These
methods gave
conflicting or
indeterminate results.
Figure 1: Rockfall Interception Fence

A low RHRS rating
would normally preclude immediate remediation, while a low RMR argues for swift
remediation. The stereonets showed the potential for wedge failure, while the Factor of
Safety showed that parts of the slope were at a critical point of meta-stability. In the light
of these conflicting analyses, it was determined that a new, less ambiguous methodology
was required. Volume and energy fluxes from this slope were therefore used to predict
future slope behavior based on trends of past performance, allowing greater confidence in
recommendations and increasing the safety of the traveling public.
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Table 1: Analysis Methods and Interpretations
Method

Rating

Risk

Recommendation

RHRS

334-377

Low

No Action

RMR

20-22

High

Remediate

Stereonet – Markland’s Analysis

N/A

Moderate

No Action

0.98-1.06

High

Remediate

(Wedge Failure)
Factor of Safety (Slab Failure)

Global Slope Stability

According to the Virginia Department of Transportation web-based GIS Integrator,
available at http://insidevdot/C1/Districts/default.aspx., and a review of field data and the
Geologic Map of
Ols

Moccasin Formation

Ob

Beekmantown Group

Virginia1 bedrock in
the project area
Ob

consists of Ordovician
Beekmantown

Site Location
Ols

Formation (Fig. 2).
The bedrock is
described as consisting

Figure 2: Geological Setting

of dolomite and
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limestone with sparse chert. Erosional breccias and paleokarst topography have been
reported within this formation.

The slope consists of two distinct zones: Zone 1 comprises roughly the southern half of
the site (Fig. 3) and is a deeply weathered limestone. Unfortunately, the geological map
of the Healing Springs quadrangle has not been completed, making a discussion of
regional tectonics impossible. Zone 1 exhibits significant structural and tectonic features
at the outcrop scale, however. The main tectonic feature is an upright, open, Class IA
antiformal fold2, the axial plane of which strikes northeast and dips at 90°. The fold
appears to plunge to the east, although lack of outcrop precludes full characterization of
the axial surface. The northern limb of the fold is well-exposed. Bedding on the northern
limb exhibits a northeast strike and moderate angle dip to the northwest, with field
measurements averaging
azimuth 022.5° for strike
and 40°N for dip. Bedding
on the southern limb is
Zone 2

Zone 1

moderately to poorly
exposed, and exhibits an
average azimuth 015° for
strike and 30°S for dip.
Field measurements

Figure 3: Field Conditions

revealed three joint sets,
one with a northwest strike and high angle dip both to the north and south, and locally
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dipping at 90°, one with a northeast or east-northeast strike and high-angle dip to the
south, and one poorly-expressed set with a northeast strike and varying dips.

Joint condition in Zone 1 varies, with joint aperture ranging from closed to greater than a
meter, and grades from cavernous to filled with saturated silty clay. Wall strength varies
from strong to very weak, and Joint Roughness Coefficients range from 5 to 20.
Slickensides have not been observed3.

Zone 2 (Fig. 3) comprises roughly the northern half of the site and consists of large
limestone clasts within a clay matrix. This is an example of the paleokarst terrain noted
above; these conditions result from very deep
weathering of the carbonates, with the more
resistant or less soluble zones of the original
formation now reduced to cobble- to bouldersized clasts surrounded by clayey residuum.
This is essentially a cross-section of a very large
sinkhole. No coherent structures are observed at
this location; bedding, jointing, and veining are
Figure 4: Stereonet.
Red = Bedding, Blue = Joints

indistinct. The stability of this zone is discussed

Not all data is plotted

in Volume and Energy Fluxes below.
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The global structural stability of the coherent rock in Zone 1 is controlled by the
interrelationship of the bedding and joints (Fig. 4). The rock mass is susceptible to both
sliding (slab) failure and wedge failure (Fig. 5).
Markland’s Analysis characterizes
wedge failure. The stereonet in
Figure 4 plots both bedding and
joints, with a friction angle of 30°
and Route 220 running north-south.
The stereonet reveals that the
intersection of the two main joint
sets and the bedding creates wedges
with a slip vector at a high enough
angle to allow failure into the road4.
Field observations suggest that this
failure mode is occurring in Zone 1
of the site (Fig. 5). Fortunately, the
Figure 5: Potential Slab Failure

close spacing of the joints suggests
that the clasts will be of moderate, although still hazardous, size. Models suggest that the
wedge failures can be contained within the ditchline.

Slab failure is characterized by factors of safety of the potentially sliding mass. Figure 5
shows a large, joint-bounded bedding slab dipping towards the road. The curved tree
trunk and the open, subvertical joints suggest that this mass is actively failing. The
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orientation of the failure plane is assumed to approximate the orientation of the bedding
plane. Slab failure factor of safety is based on limit equilibrium methods and was
calculated using ROCKPACK III5. Using field measurements of the slope orientation
and conservative estimates of values where lab data is not available, the Factor of Safety
ranges from 0.98 to 1.06, suggesting that a the mass is at a point of meta-stability and that
catastrophic failure of this mass is possible. Factors of Safety below 1.3 generally require
remediation.

Rockfall Hazard Rating System

The Rockfall Hazard Rating System (RHRS) is a relative, qualitative ranking of rock
slope hazard. It takes into account both lithological and physical aspects of the rock
slope, such as weathering and structure, and characteristics extrinsic to the slope, such as
posted speed limit. The rating does not indicate probability of a fall, and the correlation
of ratings from different geographical areas is problematic6.

The RHRS rating in Zone 1 is 334 and 377 in Zone 2 (Fig. 3), due mainly to the poor
structural characteristics of the site. RHRS ratings in the Valley and Ridge generally
range from 200 to 600. The RHRS rating is therefore relatively low in comparison to
other slopes within the Staunton District.
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Rock Mass Rating

Rock Mass Rating (RMR) is a quantitative assessment of the strength of the rock mass,
and can be correlated with structural properties of rock used for engineering purposes,
particularly slopes, tunnels, and foundations7.

The RMR of the intact rocks in Zone 1 is 22, classified as Class IV, Poor Rock. Class IV
rock masses are correlated with poor rock slope stability. The RMR of the paleokarst in
Zone 2 falls below 20, or Class V, Very Poor Rock.

Volume and Energy Fluxes

The Rockfall Hazard Rating System and the Rock Mass Rating are empirical assessments
based on national and international measurements; they do not characterize the actual
behavior of any given slope. Furthermore, the hybrid soil-rock nature of Zone 2 is not
predictable according to either soil or rock slope models. Actual performance of this
slope has been recorded, however, and can be used to predict future behavior using
volume and energy flux calculations.

This slope was included in a research project, with data collection and analysis beginning
in June 2006. During this time, a catchment bed was installed below the slope and all
clastic material was collected and measured on a recurrent interval. This allowed discrete
rockfall events to be recorded and the slope flux to be calculated. Physical modeling

10

involving the slope geometry and the nature of the clasts was used to calculate both the
frequency and severity of rockfall events. Because a large number of slopes were
measured at the same time and in the same manner, the actual behavior of this slope can
be compared to various types of slope behavior with respect to volumetric activity of
rockfall and the relative severity of rockfall events.

Volume Flux is a measure of the volume of clastic material shed from slopes, and can be
considered a measure of the total activity of the slope. Because rockfall, unlike soil
creep, is an instantaneous
phenomenon, the frequency of
variously-sized events can be
plotted: smaller, low-volume
events plot at a higher frequency,
and larger, high-volume events
plot at a lower frequency. Very
high-frequency, low-volume
events are omitted from the plot
Figure 6: Volume Flux

due to the “Censorship Effect”,
meaning that very small events involve a great deal of data noise. Volume Flux is a
useful measure for predicting the rate at which a given slope will fill a catchment area,
scheduling catchment cleanout, or determining when a slope will weather back to a
critical point.
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Figure 6 illustrates the volume flux trendline of Zone 2 of Route 220 on a discrimination
diagram.

Region A is generally associated with fresh, unweathered to moderately weathered
igneous and metamorphic rocks with widely-spaced, favorable joint sets. The
lithological characteristics of these slopes cause large-volume events to be rare. Rockfall
events on such slopes have the potential for great damage, however.

Region B of Figure 6 is generally associated with moderately strong sedimentary rock
slopes, such as moderate-quality limestones.

Region C is generally associated
with weak sedimentary rocks,
such as weak shales or very
heavily jointed or heavily
weathered limestones. Such
slopes undergo failure at a
constant high rate, but because
the clasts are generally small and
Figure 7: Energy Flux

further fracture during the fall,
rockfall damage is rare.
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Zone 2 of the Route 220 rock slope, although a hybrid soil-rock slope due to its
paleokarst nature, plots in Region B, and can therefore be expected to behave as a
moderately strong sedimentary slope. Within the Valley and Ridge of Virginia, the slopes
requiring the most maintenance are generally slopes falling into Region B.

Energy flux (Fig. 7) measures of the kinetic energy of a rockfall, and can be considered a
measurement of the predictability of a slope. Energy Flux is determined by the size of the
clasts and the fall velocity. Where volume flux is controlled by the structural geology
and lithology of the rock slope, energy flux is a function of both the geology and the
slope design. The height, roughness, and hardness of the slope surface, as well as the
clast size, all control the energy flux, making energy flux specific to each slope.

The discrimination diagram in Figure 7 illustrates the peak energy flux (determined by
the largest clast in any given rockfall) of Route 220 with the energy fluxes of other slopes
within the Staunton District. Regions A, B, and C represent increasing energy flux. The
diagram suggests that the energy flux of the Route 220 slope is low compared to other
slopes. This is a function of the relatively low height of the slope, the relatively low
angle of the slope face, and the soft surface of the slope, which tends to attenuate fall
velocity.
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Discussion of Risk

The two zones within the location behave differently, pose different hazards, and require
different methods of remediation.

Zone 1, the zone comprised of weathered, folded and bedded rock, fails by wedge failure
caused by joint/joint and joint/bedding intersections, and also has the potential for
catastrophic slab failure. The RMR of the slope falls into Class IV, Poor Rock, which is
associated with poor rock slope stability and frequent rockfall. Observations of this slope
and slopes similar in lithology and structure support this. Data suggest that the wedge
failures will continue, but that the failures will be small and can be contained within the
existing catchment area or behind a rockfall fence. The large slab pictured above has a
Factor of Safety near 1, suggesting that it is at a point of meta-stability and could fail
without warning. Such a failure could be triggered by heavy rain or seismic energy, but
the magnitude of an event required to trigger a failure is not reliably calculable, meaning
that an event threshold can not be determined.

Zone 2, comprised of the paleokarst material, has a moderate volume flux and low energy
flux. This suggests that the slope will continue to shed clastic material at a moderate and
predictable rate, requiring constant clean-out of the catchment area, but that heavy-tail
events, i.e., events consisting of very large clasts representing a great deal of energy or
volume, are unlikely. The slope will also continue to erode backwards, and will
eventually undermine the utilities at the top of the slope. The flux relationships suggest
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that the clastic material shed off of the slope can be contained by kinetic-energy
interception methods.

CONCLUSION

Traditional analysis methods failed at this site because the slope exhibited two distinct
structural styles, one a bedded and folded limestone, and the other a dissected paleokarst.
Furthermore, the methods usually applied to slope stability yielded conflicting results,
making recommendations for remediation impossible. Fortunately, the actual behavior of
the paleokarst slope had been recorded, making it possible to plot this slope on a
discrimination diagram. Use of this method allowed the Department of Transportation to
predict that the paleokarst would act as a moderately weak limestone slope, and allowed
the recommendation of appropriately-sized rockfall interception fencing as a remediation
method in this zone. Use of this method minimized the ambiguity in predicting the
slope’s future behavior and allowed recommendations to be based on quantifiable
evidence from past performance, leading to greater confidence in the engineering
recommendations and increasing the safety of the traveling public.
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SAFER SLOPES: UNDERSTANDING ROCKFALL PATTERNS FOR RISK
MANAGEMENT

Brian Bruckno, P.G.4, Dr. Nan Lindsley-Griffin, PhD5, Dr. John Griffin, PhD6

ABSTRACT
Current approaches to constructed rock slope analysis are expensive, complex, do not
predict rockfall behavior well, and are difficult to design. These weaknesses stem from
failure to understand the fundamental pattern of rockfall. Our data show a self-organized,
power-law distribution, controlled primarily by the lithological, structural, and design
aspects of the slope. We use observed rock slope behavior to draw discrimination
diagrams based on easily-collected proxy data, which predict the behavior of any existing
or proposed constructed rock slope. We then can assess the hazard posed by a rock slope,
predict its behavior to constrain design, implement rockfall protection programs, and
budget maintenance programs.
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INTRODUCTION
Population increase and development trends have resulted in greater lane miles traveled
in the United States. This necessitates the construction of additional transportation
infrastructure, including both new alignments and renovated routes. As residential
development disburses ever further into new areas , greater human activity near rock
slopes has increased the exposure of both humans and property to rockfall damage
(Paganini et al. 2003). These trends have led to many different methods of rockfall
analysis, as well as new engineering methods of mitigating potential rockfall hazard.
While the engineering methods have built on long-standard construction methods and
have proved their value in many settings around the world, rockfall analysis methods
have suffered from a number of weaknesses. For example, key-block and key-group
analysis methods (Goodman and Shi 1985) yield consistent and reliable results, but they
are hampered by site-specificity and technical complexity. Other methods, such as
stereonets, require specialized tools and expertise, or require great capitol investment and
training prior to use, such as LIDAR surveying. Our data show that the Rockfall Hazard
Rating System (Pierson and Van Vickle 1990) requires considerable modification, and
has not proved to be a useful tool for budgeting or increasing the safety of the traveling
public.
In order to be useful in predicting rockfall hazard, developing approaches to mitigate
rockfall hazard, and protecting human life and property, a method must be empirical,
reliable, and applicable by practitioners across a wide range of disciplines. It also must be
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easy to use and inexpensive to implement at the State or County level. We suggest such a
method, based on our empirical data demonstrating the self-organized behavior of
rockfall, and conclude with a decision-making flowchart and recommendations.

ROCKFALL ANALYSIS SYSTEMS
Over the past several decades, numerous rockfall hazard mitigation methods, approaches,
and philosophies have been suggested and implemented; so many so that a full discussion
is impossible. However, methods of analyzing rock slopes or rating their hazard can be
simplified into 5 broad categories: mechanistic, geospatial-analytical, relative hazard
rating systems, empirical, and prescriptive design.
Mechanistic methods rely on physical and mathematical modeling to evaluate the
stability of a rock mass (Dorren 2003). Almost all of these methods rely on calculations
of a Factor of Safety (FoS) (Haneberg 2004). Examples of these methods include keyblock and key-group analyses. In the key-block analysis method, individual blocks are
evaluated for a Factor of Safety based upon their shape and physical characteristics
(Wylie and Mah 1981). Should the FoS of the key block fall below 1.0, the mass is
deemed unstable. Proper engineering methods can be used to bring the FoS up to an
acceptable value, upon which the resulting rock mass is deemed stable (Bafghi and
Verdel 2003, 2004). The key block method was modified into the key-group method
expanding the analysis to account for the aggregate FoS of rock masses. Reliability and
sensitivity analyses can be applied to each block or group in order to determine a failure
probability (Bafghi and Verdel 2005). While these methods accurately assess the stability
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of a discrete rock mass, they require a great deal of data collection and modeling by
competent professionals, which involves substantial time and expense. Such approaches
may require hundreds of analyses per kilometer of slope. Where the risk of a rockfall
includes the potential for catastrophic damage or loss of life, such as in a tunnel, this time
and expense can be justified; however, these methods are not useful as a screening tool,
and cannot be applied across large areas unless weighted averages or regression analyses
are used, again requiring substantial labor (Yost 2004).
Geospatial-analytical methods rely on mapping or graphical methods to model the terrain
in three dimensions and evaluate rockfall on a case-by-case method. Stereonets are
widely used to evaluate the failure modes of a rock mass. This method has proved its
value in evaluating the potential for rockfall or rock mass failure, but it suffers from
many of the same weaknesses as mechanistic methods: stereonets are not easily read by
many professionals, they are labor-intensive to prepare7, and they are site-specific. Other
geospatial-analytical methods use slope profiles and lithological characteristics to model
rockfall behavior. Among the most widely used and successful is the Colorado Rockfall
Simulation Program (CRSP) (Jones et al. 2000), which can model the impact of any
unstable clast, falling or rolling, along any slope profile. GIS Digital Terrain Models
(DTMs) have also been used to model the behavior of individual slopes (Glaze and
Baloga 2003, Maerz et al. 2005), and LIDAR surveying can provide the base data for
such models at a very fine scale. While such methods allow very accurate analysis, they

7

The VDOT standard, for example, requires a stereonet analysis be prepared for every 20° change in
azimuth of the rock slope face, 20° change in the azimuth of the road, 20° change in difference between
azimuth of road and rock slope, or 20° change in dip of the slope. Changes in joint density, number of joint
sets or orientation, bedding thickness, formation, lithology, or tectonic setting also require new stereonet
analyses.
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allow no probability analysis and suffer from high initial investment cost. While the
price of hardware will likely drop, the initial investment of a ground-based LIDAR unit,
for example, is beyond the budgets of most Counties and many State agencies.

Figure 1: Rockfall Hazard Rating System Value versus Observed Rock
Slope Behavior in the Valley and Ridge of Virginia, United States, 20062009
Relative hazard rating systems are probably the most widely-implemented methods of
addressing rock slopes worldwide. They model risk based on various factors, including
the physical environments, the engineered environment, and predictions or estimates of
human behavior. One rating method which has been widely applied in the United States
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is the Rockfall Hazard Rating System (RHRS) (Pierson and van Vickle 1990). The
RHRS combines intrinsic and extrinsic slope factors to provide a numerical value for
slope hazard. The RHRS, or some modification of it, has been implemented by
numerous transportation agencies, including those of Missouri, New York, Oregon,
Tennessee, Virginia, and Ontario, all of whom have greatly modified the basic method
(Maerz et al. 2005, Vandewater et al. 2005) While the RHRS can be applied by a wide
range of professionals and technicians, and is quick and simple to apply, it offers very
little predictive ability. Table 1 and Figure 1 show RHRS values referenced to slope
behavior. Records of observed slope behavior from 2006 to 2009 showed little
correlation between the RHRS value and the hazard that the rock slope presented to the
traveling public, or to the amount of expenditure required to maintain or remediate the
slopes.
Three of the highest RHRS scores (Fig. 1), which should be indicative of unstable
behavior or high hazard, actually presented no hazard during the study. Of the other
three relatively high RHRS ratings, one was for a moderately stable slope which
experienced only minor and non-hazardous, though constant rockfall. Thus, for the 6
highest RHRS scores, only 2 slopes (30%) were correctly identified.
Of the 5 relatively low RHRS scores, 2 (40%) were unstable and hazardous rather than
the RHRS-predicted stable to moderate. The slope with the 4th-lowest RHRS score
produced multiple rockfalls, including one in May 2009 that would have been lethal to
any traveling public in the affected area at the time (Fig. 2).
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Table 1: Correlation of RHRS Values and Observed Rock Slope Behavior.
Slope

RHRS
Value

Behavior 2006-2009

This Paper’s
Suggested Mitigation

082-0033-001

216

Moderate, with occasional
minor recorded rockfall.

Interception

008-0042-001

272

Unstable, with constant
minor recorded rockfall.

Interception

082-0033-003

302

Moderate, with occasional
minor recorded rockfall.

Interception

007-0629-002

330

Unstable, with constant
moderate to major recorded
rockfall. Required major
slope repair in May-June
2009.

Source Removal

082-0033-002

342

Moderate, with occasional
minor recorded rockfall.

Interception

003-0018-001

443

Stable. No recorded rockfall. Monitoring

007-0629-001

479

Moderate, with constant
minor recorded rockfall

Interception

008-0042-002

480

Unstable, with constant
minor recorded rockfall.

Interception

011-0043-001

485

Unstable, with constant
minor recorded rockfall.

Source Removal or
Remediation

007-0629-003

539

Stable. No recorded rockfall. Interception

002-0064-001

589

Stable. No recorded rockfall. Monitoring (underway)
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Figure 2: Rockfall on RHRS 330-rated slope, May 2009
This paper’s methods would have suggested source removal for the slope in Fig. 2 had it
been available and applied before the failure. This source removal was eventually
conducted in May-June 2009.
Empirical methods provide a semi-quantitative value to rock slope hazard by observing
interactions between the natural or engineered environment and human activity as an
approaches to rock slope management. One such method is the Rockslope Deterioration
Assessment (RDA) of Nicolson (2004). The RDA uses a 3-stage method of evaluating
the susceptibility of rock slopes to shallow weathering-related rockfall, the nature of the
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hazard, and the remediation methods. While the RDA comprehensive method allows
for the evaluation and remediation of any slope, it is rather complicated and has not been
widely implemented in the United States. Most empirical methods have been applied to
the tunneling or mining industry. The Rock Mass Rating (RMR) of Bieniawski (1973,
1989) uses a number of quantitative and non-quantitative observations (such as point load
index and joint favorability, respectively) to estimate excavation and reinforcement
methods for tunnels or mines. The RMR value has been incorporated into a vast number
of other methods, such as the Rock Tunneling Quality Index, Q (Barton et al.1974),
which also incorporates various joint characteristics, pore water pressure, and stress
fields. These methods are only poorly applicable to rock slopes and also very labor
intensive.
Prescriptive methods use broad lithological or slope-geometry aspects to determine the
approach to a slope8. This approach tends to force lithologically dissimilar slopes into
similar designs. Unfortunately, this method often leads to inappropriate design, because
the behavior of slopes is determined by a set of characteristics much broader than
lithology alone: intensely weathered igneous slopes can exhibit slope behavior similar to
weak sedimentary slopes, for example.
The investments required to implement mechanistic and geospatial-analytical methods
make them unlikely candidates for wide use. Relative hazard rating systems suffer from
arbitrary rating factors. While empirical assessments are based on a great deal of national
and international measurements, and are only moderately expensive and relatively easy
8

Until recently, most rock slopes in the Commonwealth of Virginia were assumed to be stable at any angle,
and were generally designed at 1.5H:1V, because this was the standard angle used in cut sections for the
acquisition of right-of-way.
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to implement, they do not characterize the actual behavior of any given slope, and their
application to budgeting or predictive purposes is problematic. Prescriptive approaches
tend to take too few slope characteristics into account during the design process, omitting
characteristics such as the tenacity of the lithology, which affects the clast-clast
deterioration during a rockfall. Manufactured rock slope design should be based either
on observed and quantified data, or slope characteristics that provide a reliable proxy for
the actual slope behavior.
SELF-ORGANIZED PATTERNS OF VOLUME AND ENERGY FLUXES
Self-organized , or “power law,” phenomena are ubiquitous in nature and control many
aspects of the physical environment. It has been known for some time that the spatial
distribution of earthquakes follows a self-organized distribution (Legrand 2002); it has
also been shown that landslides follow a self-organized pattern with regard to area
(Turcotte et al. 2002). The areal distribution of fracture surfaces (Yavari et al. 2002) and
the homogeneity of fractured rock masses have also been shown to exhibit self-organized
behavior (Kulatilake et al. 1997). Studies have shown that long-term evolution of talus
also follows a self-organized pattern, suggesting strongly that rockfall may be a selforganized phenomenon (van Steijn 2002)
The general form of a power law is expressed as:

NeAe-b
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Where Ne is the number of events with magnitude Ae . b is often termed
the fractal dimension and is considered a characteristic dimension of any
power-law distribution. In a noncumulative self-organized distribution,
the function plots linearly on a log-log plot, yielding the general graph
shown in Figure 3.
Self-organized distributions show a linear central slope, characterized by -b, and typically

Figure 3: Self-Organized Distribution
show a characteristic slope break at lower frequency/higher magnitude events. The break
may consist of a sharp decrease in slope (Fig. 3), termed an “Upper Truncation,”
indicating that the natural physical limit to events of higher magnitudes. Earthquake
magnitudes are well-characterized by self-organized distributions and exhibit such a
characteristic upper truncation at the highest recorded magnitudes (Burroughs and
Tebbens 2002). Other events show a “Heavy Tail” (Fig. 3), indicating that low
frequency-high magnitude events occur at a rate unpredicted by a simple linear
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distribution. Because many engineering and infrastructure failures are caused by
“extreme,” i.e. heavy-tail events, it is essential to understand the probability of these
events in order to protect human life and property. Conversely, events which show an
upper truncation may lead to over-engineering and waste of resources and budget if the
critical event for which the structure is engineered is very unlikely to occur within the
planned life of the structure. The “Censorship Effect” (Fig. 3) arises because very
frequent, low-magnitude events are difficult or impossible to measure accurately. At a
large enough scale, most self-organized phenomena show more than one distinct slope
(Kashtanov and Petrov 2004). Our observations and measurements of actual slope
behavior have shown that both the volume shed from rock slopes in the form of rockfall,
and the energy represented by such events, follow a self-organized pattern. While every
slope exhibits a unique self-organized pattern, we have shown that slope behavior is
broadly controlled by the structural and lithological characteristics of the slope.
From 2006 to 2009, a rockfall study was conducted as a cooperative effort between the
University of Nebraska-Lincoln and the Virginia Department of Transportation. During
this study, 12 slopes within the Valley and Ridge Physiographic province were selected
for analysis of their rockfall behavior. The slopes were chosen to display a broad
spectrum of lithologies, formations, degrees of deformation, and structure. Climate and
current tectonic activity were similar across slopes. Fallen clasts were collected and
measured at 24-hour and 7-day intervals. A physical survey of each slope, along with the
shape and mass of each clast, allowed measurement of the cumulative and total kinetic
energy of every rockfall, the peak kinetic energy of every rockfall (controlled by the size
of the largest clast), and the volume of every rockfall. The data show that the volume flux
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and energy flux of rockfall (volume per unit of slope face per time and energy per unit of
slope face per time, respectively) follow a self-organized pattern.
This pattern broadly follows the structural geology and lithology of the rock slope, and in
turn controls rockfall behavior. We use easily-measured proxy values of geological
characteristics to draw discrimination diagrams of rockfall behavior based on this pattern
to streamline and simplify the process for predicting and mitigating rockfall hazard.

Figure 4: Volume Flux of Rockfall Events in the Valley and Ridge of
Virginia, United States

30

Figure 4 illustrates the volume flux measured at the base of the studied rock slopes.
Volume flux is the total volume of individual rockfall events normalized to the area of
the rock slope face per unit of time.
The Strong Zone of Figure 4 is generally associated with fresh, unweathered to
moderately weathered igneous and metamorphic rocks with widely-spaced, favorable
joint sets. Favorable joint sets are those which are persistent and closed, and dip away
from the roadway or are sub-horizontal. Vertical or near-vertical, closed joint sets which
are well-supported by surrounding rock are also favorable. Ideally, slip vectors plotted
on stereonets should be used to plot favorability where there is any uncertainty. These
slopes are also characterized by thick bedding, a metamorphic or igneous fabric tending
to increase rock mass strength, and lack of tectonic deformation. The lithological strength
of these slopes causes large-volume events to be rare. Rockfall events on such slopes
have the potential for great damage, however, because the rockfall occurs in fewer, highmagnitude events, i.e., these slopes often show heavy-tail behavior.
The Intermediate Zone of Figure 4 is generally associated with moderately strong
sedimentary rock slopes, such as moderately-jointed, moderately thick-bedded
limestones and sandstones. Igneous rock slopes with very persistent, closely-spaced joint
sets, tectonic deformation (particularly brittle deformation) or a metamorphic fabric
leading to planes of weakness (such as micaceous layers) may also fall into this zone.
The Weak Zone of Figure 4 is generally associated with thinly-bedded, weakly-cemented
sedimentary rocks, such as fissile shales or very heavily jointed or deeply weathered
limestones, very deeply weathered, long-exposed igneous slopes, or areas subjected to
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tectonic brecciation. Such slopes fail at a constant, high rate, but because the clasts are
typically small and fracture into smaller fragments during the fall, rockfall damage is
rare.
Although volume flux is best calculated by the methods described above, it is strongly
controlled by the stability of the rock mass, and can be estimated by a number of proxy
values, including Rock Mass Rating (Bieniawski 1989), Point Load Index, or the spacing
of bedding and discontinuities within the rock mass, as illustrated in Figure 5.

Figure 5: Correlations among Rock Mass Indices and Volume Flux
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Figure 6 illustrates the peak energy flux measured at the base of manufactured rock
slopes in the Valley and Ridge physiographic province of Virginia, United States, and
can be considered a measurement of slope predictability. Energy flux is determined by
the size of the clasts and the fall velocity. Where volume flux is controlled by the

Figure 6: Peak Energy Flux of Rockfall Events in the Valley and Ridge of
Virginia, United States

structural geology and lithology of the rock slope, peak energy flux is a function of both
the geology and the slope design. The height, roughness, and hardness of the slope
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surface, as well as the clast size, all control the energy flux, making energy flux specific
to each slope. Thus, peak energy flux is not associated as closely with lithology as is
volume flux. Peak energy flux is best determined by recording the volume of the largest
clast shed off of the slope for discrete rockfalls over a minimum of a 12-month period
and calculating the representative energy using the Colorado Rockfall Simulation
Program ( Jones et al. 2000) or another widely-accepted rockfall modeling program.
However, if schedule precludes a data-collection program, the position on the
discrimination diagram in Figure 6 can be estimated by the Coefficient of Uniformity
(ASTM D 2487-06 2006) of the talus at the toe of the slope along with the largest grain
size of the talus (Tab. 2). This also allows estimates to be made where the slope includes
regions of differing competencies, such as variable bedding, areas of tectonic
deformation, or differential weathering.
CU=D60/ D10

Where CU is the Coefficient of Uniformity, the D60 is the average diameter
(or sum of the characteristic dimensions) of the 60th percentile clast size, and
the D10 is the average diameter (or sum of the characteristic dimensions) of
the 10th percentile clast size.

Table 2: Correlation of Cu and Peak Energy Flux
Coefficient of
Uniformity

Largest Grain Size in
Talus

Region/Competency

1-10

Sand to Gravel

Region A, Incompetent

10-100

Gravel and Cobbles

Region B, Moderately
Competent

100+

Cobbles to Boulders

Region C, Competent
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CONSIDERATIONS OF ROCK SLOPE DESIGN AND REMEDIATION BY
USING VOLUME AND ENERGY FLUXES
The volume flux and peak energy flux of any particular slope are decoupled; high volume
flux does not indicate high peak energy flux. While the volume flux of even the tallest
igneous slopes might be low, the peak energy flux might be quite high due to the total
activity being concentrated in few, infrequent, large-clast events. Conversely, the volume
flux of a small, weak sedimentary rock slope might be quite high, but the peak energy
flux might be low due to clast-clast collisions and clast breakup during the rockfall.
Approaches to mitigation of rockfall hazard include Realignment, Remediation, Source
Removal, Interception, Stabilization, and Monitoring. These are summarized in Table 3.
Table 3: Summary of Approaches to Mitigation of Rockfall Hazard
Mitigation
Approach

Description

Example

Cost

Realignment

Removal of infrastructure
away from rock slope

Realignment of
highway route

Highest

Source
Removal

Removal of potential
rockfall source

Scaling or blasting

Moderate to high

Remediation

Engineering methods to
reduce rockfall potential

Rock bolting or
benching

Moderate

Interception

Engineering methods to
intercept debris

Rock fencing

Low

Stabilization

Engineering methods to
stabilize material stored
on slope

Rock Mesh Drape
or Shotcrete

Low

Monitoring

Periodic monitoring of
slope for increase in
hazard

Automated surveys
or periodic visual
monitoring

Lowest
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In order to determine the safest and most cost-effective approach to rock slope
management, the following factors should be taken into consideration: The volume flux,
the peak energy flux, and the hazard a potential rockfall poses to the safety of travelers
and infrastructure. Certain rockfall events pose less hazard than others: some rockfalls
can be safely contained within the rollout zone of a road shoulder, for example, or may be
located in very sparsely-traveled or nonresidential areas. Where the rock slope is
adjacent to very heavily-traveled routes or sensitive infrastructure, or where shoulder
catchment area for shoulders or rollout zones is very limited, the potential rockfall hazard
is higher. Each agency must determine the acceptable threshold of risk.

Figure 7: Flowchart for Determining Slope Type
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This allows the flowchart in Figure 7 and Table 4 to be applied to the decision-making
process for rockfall mitigation.
Table 4: Slope Type and Approaches to Mitigation of Rockfall Hazard
Slope
Type

Example Slopes

Approaches to
Mitigation

A

Competent, fresh igneous and metamorphic slopes with rare Realignment or
but dangerous rockfall events
source removal

B

Competent, fresh igneous and metamorphic slopes with rare Source removal,
rockfall events unlikely to affect human life or
remediation, or
infrastructure
monitoring if
hazard is very low

C

Moderately competent to deeply weathered igneous and
Interception or
metamorphic slopes, with poor catchment design or close to stabilization
transportation infrastructure or development

D

Moderately competent to deeply weathered igneous and
metamorphic slopes with good catchment design or far
from transportation infrastructure or development

Interception

E

Moderately competent sedimentary rock slopes, massive
limestones and sandstones with poor catchment design or
close to transportation infrastructure or development

Remediation or
Interception

F

Moderately competent sedimentary rock slopes, such as,
massive limestones and sandstones, with good catchment
design or far from transportation infrastructure or
development

Interception

G

Moderately competent sedimentary rock slopes, such as
thinly-bedded limestones and sandstones with poor
catchment design or close to transportation infrastructure or
development

Interception

H

Moderately competent sedimentary rock slopes, such as
thinly-bedded limestones and sandstones with good
catchment design or far from transportation infrastructure
or development

Interception or
Stabilization

I

Incompetent sedimentary rocks, such as fissile shales, very
closely jointed or deeply weathered limestones interbedded

Interception
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with massive or competent beds, and poor catchment design
or close to transportation infrastructure or development
J

Incompetent sedimentary rocks, such as fissile shales, very
heavily jointed or deeply weathered limestones interbedded
with massive or competent beds, with good catchment
design or far from transportation infrastructure or
development

Interception or
monitoring

K

Incompetent sedimentary rocks, such as fissile shales or
very closely jointed or deeply weathered limestones, with
poor catchment design or close to transportation
infrastructure or development

Stabilization or
monitoring

L

Incompetent sedimentary rocks, such as fissile shales or
very closely jointed or deeply weathered limestones with
good catchment design or far from transportation
infrastructure or development

No action

CONCLUSION
While engineering methods to control or mitigate constructed rock slope stability are
well-tested, current approaches to rock slope stability analysis suffer from high cost,
inefficiency, and inapplicability of design to a given slope. These weaknesses cause both
overdesign leading to waste of resources, and underdesign leading to engineering failures
and the resulting hazard to human life and infrastructure. These weaknesses are caused
by failure to take into account the underlying patterns of rock slope behavior. The
pattern of rockfall hazard appears either random or triggered by weathering events, but
neither is the case. Rockfall follows a self-organized, power-law distribution in both
rockfall volume and energy flux. Our data, collected in the Valley and Ridge
physiographic province, show that proxy values of rockfall behavior can be used to group
rock slopes into broad categories of hazard; this, in turn, can be used with the likelihood
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of a given rockfall affecting the public to determine the hazard presented by any
proposed slope. This will allow a low-cost, rational, risk-based approach to planning,
design, and budgeting rock slope engineering and maintenance.
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ABSTRACT
Current approaches to rockfall hazard and risk mitigation have been dominated by
a broad and simplified conceptual model in which rockfall is treated as either a
completely random, or entirely triggered, series of events. Our new data on rockfall
patterns in the Valley and Ridge Province of Virginia, however, show that a large
component of rockfall is triggered neither by climatic, seismic, or other events, but
depends heavily on the structural and lithological characteristics of the rock mass.
Understanding this pattern offers the potential for a more rational, cost-effective, and
safer design philosophy for all types of rockfall. Rock mass indices that take into account
the structural and lithological aspects of a rock slope provide a more reliable tool for
predicting rockfall behavior than those in current use. Indices such as the Rock Mass
Rating System (RMR), the Norwegian Geotechnical Institute’s Tunneling Index (Q), or
Geological Strength Index (GSI) correlate particularly well with rockfall hazard.
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INTRODUCTION
Our approach to mitigating any hazard or risk necessarily follows from how we
conceptualize the phenomenon; wrong or over-broad conceptualization results in wasted
resources, increased liability, and unnecessary risk to the public12. The general model of
rockfall illustrated in Figure 1 is pervasive within the geotechnical literature. However,
this oversimplified model groups together different geomechanical phenomena that
respond to different forces. Much research has proceeded from the assumption that
rockfall follows a particular type of distribution, such as a normal, Bernoulli or bimodal
distribution (McClung, 1999). Our analysis of actual rockfalls suggests that this does not
hold true across all failure modes. Other research has focused solely on the factors of
safety along every potential failure surface, resulting in complicated, ever-expanding
iterative processes that yield an aggregate factor of safety for a rock mass (Bafghi and
Verdel, 2003, 2004, 2005). The narrow range of factors of safety, however, may cause
this approach to over-estimate the safety of a slope. Recent work in rockfall hazard and
risk mitigation has re-focused attention on the contribution of structural geology and
lithology of the rock mass to rockfall patterns (e.g., Nicolson, D.T, 2004; Vandewater et
al., 2005). Our observations in the Valley and Ridge Province of Virginia suggest such a
structural approach to rockfall hazard provides a better tool than triggering-event and
relative-rating approaches.

12

The standard engineering definition of hazard and risk are used, i.e. hazard is the potential of an event
occurring, and risk is the potential of that event multiplied by its likely impact.
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Current Conceptualization of Rockfall
Current models for rockfall are illustrated in Figure 1. Stereonets depict geomechanical
relationships, but they do not illuminate behavior well. Observation of real-world rock
slope behavior reveals a more complicated picture wherein rockfall behavior is controlled
either by water content or by the structural geology of the rock mass.

Arc failure (Fig. 1) depends on the mobile mass moving as a nonconsolidated body, i.e.,
the motion is that of a ductile rather than brittle mass. The stability of such a mass is
controlled primarily by its angle of internal friction (Department of the Army 1992, 1994)
which depends on rainfall intensity and pore fluid pressure. If the moisture content
lowers the angle of internal friction below that of the dry mass, or if the sediments
between blocks within the mass undergo liquefaction, the mass will fail. Such events
can clearly be triggered by rainfall, seismic events, or some combination of factors.

While arc failures involves a mass sliding along an arcuate surface, the mass in a slab
failure slides along a plane. If the moisture content lowers the friction along the sliding
plane such that the driving force exceeds the resisting force, the mass will fail (Wylie and
Mah, 1981). Slab failures are predictable, preventable, and can clearly be triggered by
rainfall (Van Steijn, 2002).

Toppling failure (Fig. 1) is particularly problematic. Most models assume that the
blocks are at the limiting equilibrium state (Tatone and Graselli, 2010), and that the
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aggregate factor of safety of the stable pile is at or above 1.0. The stability of the pile is
again controlled by friction along the many potential sliding planes (Tatone and Grasselli,
2010), which is controlled by the moisture content. Because of the brittle nature of rock,
the pile will be open-graded, allowing a number of flowpaths and quick drainage through
the stack. A rapid increase in fluid pressure is unlikely until weathering-related
breakdown fills these paths, in which case the toppling pile acts much like an arc failure.
Other models define toppling failure as a rotational event caused by upslope loading
(Highland and Bobrowsky, 2008). Toppling failure therefore appears to behave like
small-scale landslides (Krausblatter and Moser, 2009). Some literature also identifies
“boulder fall” as a phenomenon strictly controlled by weathering and rainfall (Branwer,
1994).

Wedge failure (Fig. 1) behaves differently than the other types of failure, although slab
and wedge failure appear superficially similar in that they both involve consolidated
bodies sliding along planes. Virtually all slab failures require a plane of weakness that
forms a sliding surface (Branwer, 1994). This is most often a bedding plane with a
friction angle dramatically different from the sliding mass, due to such features as clay
content, slickensides, joint roughness, or differences in lithology (ASTM, 2006; Wylie
and Mah, 1981). In wedge failure, the failing wedge nearly always forms by the
intersection of a joint set with another joint set or a bedding plane. In the case of jointjoint interaction the failing mass and the sliding surface are lithologically identical.
Furthermore, in the case of slab failure, the ratio of the mass of the sliding body to the
surface area of the sliding plane can increase with virtually no geometric limits. In
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wedge failure, surface area of the sliding planes must increase with the mass of the
sliding body. Thus the role of water is very different in wedge failure than in slab failure
(Fig. 2).

Using friction angle of the failure surface as a proxy for water content (i.e., a higher
water content reduces friction, and therefore friction angle, along the sliding plane),
Figure 2 shows that the factor of safety, calculated using Rockpack III (Watts, 2003),
decreases as water content increases. Both failures use the example of a 50-foot high
slope face with an 80° dip slope and a moderately dipping failure plane for slab failure
and failure vector for wedge failure. Cohesive strength, density, and surface roughness of
the lithology are held constant. Both failure types have a factor of safety of 3.0 in dry
conditions with friction angle of 35°, considered safe. As water content along the sliding
surface increases, reducing friction angle to 26°, the factor of safety of the slab failure
drops from 3.0 to 2.44, while the factor of safety for the wedge failure remains in the
range of 3.0 to 2.75. Factors of safety below 2.5 generally are considered unacceptable
and require remediation. The factor of safety range reflects greater stability for wedge
failure across the same increase in water contents; in areas that have both slab and wedge
failures with similar driving mass, rainfall can trigger slab failures in the absence of
wedge failures.

Thus, two distinct types of rockfall occur. Toppling failure and arc failure consist of
fractured, unconsolidated bodies mobilized by a triggering event, and slab failure consists
of a consolidated body also mobilized by a triggering event; all three should be addressed
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as mass-wasting events. However, the penetrative nature of joint sets causes wedge
failures to occur in a series of progressive events, many of which are unrelated to rainfall,
seismic events, or any other triggering events. The tendency to treat all phenomena as
either strictly triggered events, or as completely random and unpredictable but normallydistributed events, has led to practices that fail to address a significant component of
rockfall. In all cases, the structural and lithological characteristics of the rock mass
control the pattern of rockfall; triggering events cannot cause rockfall unless there is an
underlying structurally- or lithologically-controlled discontinuity to exploit.

Our Current Study
From 2007 to 2009 ten rock slopes in the Valley and Ridge Province of Virginia varying
in lithology, slope aspect, formation, and structural geology were selected for a rockfall
study. During this time, the material shed from the slope in the form of rockfall was
measured at regular intervals, either by collecting and weighing or sieving all of the
clastic material, or by use of a ground-based LIDAR survey station. This allowed both
the volume flux and the energy flux for any rockfall event to be calculated. The slopes
were selected partly for their close proximity to NOAA weather-data collection stations,
so that the rockfall response to precipitation events could be evaluated. A distinct
rockfall pattern for every slope emerged.
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Rockfall versus Rainfall
The association of rockfall with rainfall events has been exaggerated. While triggered
events can be caused by any increase in pore fluid pressure or lubrication along a sliding
plane, a large proportion of the volume shed from rock slopes occurs in discrete events
not associated with rainfall or snowmelt.

Figures 3 and 4 show actual volumes of rockfall events at two sites, the Interstate 64
Afton Mountain pass and the US 259 Chimney Rock pass in Albemarle and Rockingham
Counties, Virginia, respectively. Both slopes are dominated by wedge failures. Neither
figure shows a clear link between rainfall events and either timing or volume of observed
rockfalls. While some rockfall events appeared to coincide with the onset or peak
intensity of rainfall, most events show no correlation with rainfall, either in the sense of
immediate response or response with a time lag. Also lacking is any link with annual
climatic cycles, such as the onset of freezing weather or during the spring snowmelt.

The Deerfield Rockfall
Many of the largest rockfall events in Figures 3 and 4 occurred during relatively rain-free
periods. For example, the largest rockfall occurring in the Valley and Ridge of Virginia
during the period of 2000-2010 was the “Deerfield Rockfall”, pictured in Figures 5 and 6.
The rockfall occurred on May 14, 2009. The most recent significant precipitation in this
area was 1.3 inches which fell from 8:00 to 10:00 pm, 6 days prior to the rockfall. While
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the geologic structure at Deerfield is complex, and the rockfall included some minor
elements of slab failure, the principal failure mode was wedge failures along dry surfaces
(Fig. 6). Witnesses to this rockfall described loud, low-intensity cracking noises just prior
to the failure. The senior author noted these cracking noises during secondary rockfalls
occurring less than 30 minutes after the initial rockfall. We interpret these as sudden joint
propagation along potential failure surfaces. Such behavior has been recorded prior to
failures in underground and open-pit mines; these noises are colloquially termed “talking
ground” and have been documented immediately prior to and after rockfall (Szwedzicki
2003).

Rockfall versus Seismic Events
Seismic energy does not correlate with rockfall events. The Valley and Ridge of
Virginia is tectonically quiescent, far removed from the Central Virginia Seismic Zone.
The United States Geological Survey National Earthquake Information Center (NEIC)
recorded no earthquakes for the data-recording period reflected in Figures 3 and 4, nor
was any seismic activity recorded within 100 km in the 12 months prior to the Deerfield
Rockfall (NEIC, 2009). Therefore, neither the Deerfield Rockfall nor any of the smaller
events during the study period could have been triggered by seismic activity.
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ROCKFALL, GEOLOGICAL STRUCTURE, AND LITHOLOGY
Figures 3 and 4 suggest that each of the rock slopes analyzed exhibits a distinct rockfall
signal. Smaller, more frequent rockfall dominates the Chimney Rock slope, less frequent
but more energetic events dominate the Afton slope. The rockfall pattern for Chimney
Rock also shows a narrower range in the volume of the individual rockfalls. This
behavior can be characterized by the volume of the 90th-percentile and greater block size
(V90) related to the cumulative volume of all rockfall measured over the entire collection
period. The V90 for Afton is 30%, while the V90 for Chimney rock is 19%. The variation
of block size, total rockfall volume, and rockfall energy across several orders of
magnitude suggests that rockfall displays a self-organized distribution; this distribution is
present in many aspects of structural geology, such as cracking in brittle media
(Kashtanov and Petrov, 2004) and structural homogeneity of rock masses (Kulatilake et
al., 1997), and also controls several aspects of landscape evolution (Van Steijn, 2002).

The contribution of the impact energy of the single largest block to the total energy
released from the slope during the analysis period is even more pronounced. In the case
of Chimney Rock, the single largest block represented an impact energy at the toe of the
slope of 14% of the total impact energy during the analysis period; the corresponding
value for Afton is 73%. The risk of a slope is controlled by the peak impact energy
because the largest single clast represents the greatest impact force and the greatest
rollout distance, thus joint geometry and bedding thickness assume a disproportionate
importance with regard to risk.
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The V90 correlates to the lithology and structure of the slopes: Chimney Rock consists of
a moderately hard, moderately widely-jointed sandstone, while Afton consists of a very
hard, widely-jointed greenschist with strongly interlocking grains. Because weaker
lithologies tend to shed more volume in the form of frequent, smaller-sized rockfalls, and
stronger lithologies will shed less overall volume in the form of larger blocks, which
resist further breakup during the fall or impact, understanding the correlation of the rock
mass quality to rockfall patterns suggests a useful tool in rockfall management.

Numerous methods of measuring overall rock mass quality have been implemented in the
engineering literature in order to assess bearing capacity, foundation settlement,
rippability, caveability of ore, or suitability for tunneling. The three most widely-used are
the Rock Mass Rating System (RMR), the Norwegian Geotechnical Institute's Q-System
(Q), and the Geological Strength Index (GSI); all three have been included as bases for
design of infrastructure (AASHTO, 2007). All three systems take into account the
structural characteristics of the rock mass, particularly block size, degree of tectonic
deformation, and the quality, number, and orientation of the joint sets, with higher values
reflecting better rock mass quality (Barton et al., 1974; Bieniawski, 1974, 1989; Hoek et
al., 1998, Marinos et al., 2005).

Figure 7 relates the V90 to the RMR, Q, and GSI of 5 slopes in the Valley and Ridge
Province of Virginia which vary widely in lithology and structural characteristics. The
relationship is very strong.
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Q emphasizes the quality of the joint surfaces whereas RMR emphasizes the block mass
size. Thus, Q is more accurate at higher rock mass quality values, while the RMR is
more accurate at lower rock mass values (Milne et al., 1998). GSI emphasizes both the
structural and lithological characteristics of the rock mass, but is the least quantitative.
Several methods of relating Q, RMR, and GSI have been proposed (Milne et al., 1998),
but the semi-empirical nature of the methods makes a perfect relationship impossible. Q
appears to provide the best proxy for predicting rockfall behavior, particularly with
regard to slopes of intermediate to high rock mass quality.

The strength indices correlate well with lithology and rockfall behavior (Fig. 8).
Measurements of rockfall volume and energy patterns during 2007-2009 in the Valley
and Ridge Province of Virginia fell into three broad clusters: weak sedimentary rock
masses, strong sedimentary rock masses, and strong metamorphic rock masses; igneous
cliff-forming formations are rare within the study area. Weak rock masses tend to exhibit
frequent rockfalls, increasing rockfall hazard, but the weakness of the rock ensures that
the falls are small in both volume and energy, decreasing overall risk. Strong
metamorphic rock tends to exhibit very infrequent rockfall, decreasing the hazard, but
because more of the fall consists of a small number of large blocks, the fall is more
energetic which raises overall risk. Strong sedimentary rock masses appear to offer the
greatest risk, because they combine the dangerous characteristics of weak sedimentary
and strong metamorphic rocks: the falls are more frequent than those occurring in
stronger masses, but the strength of the rock allows falls to consist of relatively large
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rocks, raising both hazard and risk. Because many of these events are untriggered and are
not currently well-modeled, they give the appearance of coming “out of the clear, blue
sky.”

The Deerfield Rockfall, for example, was an untriggered event, and occurred in an area
that had been rated at a rather low 330 on the Rockfall Hazard Rating System of Pierson
and van Vickle (1993). The slope was considered safe so this rockfall was entirely
unpredicted. The Q, however, varied from 5 to 100 in different areas of the mass; this,
along with the relatively tight-grained, very low-grade metamorphic sandstone facies
should have suggested the potential for a substantial and dangerous fall.

CONCLUSIONS
The weak and overgeneralized conceptual framework illustrated by Figure 1 has
constricted approaches to mitigating rockfall hazard, because over a large enough sample
area most rock slopes will not fail according to only one of the modes. In areas of
differing structure, e.g., across fold limbs, across contacts or terrane boundaries, or across
fault zones, the same formation or lithology may exhibit markedly different structural
characteristics, and therefore may fail in a number of different manners and exhibit
greatly different risk. Attempts to analyze every potential failure surface in order to yield
an aggregate factor of safety suffer from the requirement that huge amounts of data must
be collected and analyzed and therefore offer an over-quantified but poorly predictive
assessment. The role of triggering events such as climatic events, tectonism, and freeze-
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that cycles has also been greatly exaggerated. Some areas of a rock slope may be
susceptible to triggering events, while others may fail at a rate controlled by the structure
and be relatively insensitive to climate. While it would be incorrect to suggest that
triggers play no role in rockfall, focusing analysis and remediation efforts on those small
areas susceptible to triggering may therefore cause neglect of rock masses that fail while
lacking triggers. Our recent study has shown that rock slopes degrade in a self-organized
pattern largely controlled by lithology and geological structure. While every rock slope
is in theory unique, exhibiting its own rockfall signal, structural and lithological controls
are strong enough that reliable, accurate, and inexpensively-implements indices such as
RMR, Q, and GSI will provide a more useful tool than current methods for predicting
and managing rockfall risk and hazard.
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Figures

60

Figure 1: Conceptual model of rockfall geomechanics related to
stereonet analysis.
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Figure 2: Factors of safety (FoS) response to increasing water content
along sliding planes for slab and wedge failures. As water content along
sliding planes increases, the friction angle, at which failure occurs,
decreases. The effect of increasing water content on slab failure is more
pronounced on slab failures than on wedge failures.
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Figure 3: Rockfall response to rainfall for the Chimney Rock Slope, U.S.
Route 254, Rockingham County, Virginia. The curve shows variations in
rainfall from August 31, 2007 to July 21, 2008. Points show rockfall volume
during the same interval, calculated by weighing and sieving all clastic
material fallen during the collection interval. The site is located at Lat 38
38’ 33.57” Long -78 51’ 42.98”
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Figure 4: Rockfall response to rainfall for the Afton Mountain Rock Slope,
U.S. Route 64, Nelson County, Virginia. The curve shows variations in
rainfall from August 8, 2007 to September 9, 2008. Points show rockfall
volume during the same interval, calculated by weighing and sieving all
clastic material fallen during the collection interval. The site is located at Lat
38 02 35.46” Long -78 46 26.50”
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Figure 5: Deerfield Rockfall, May 14, 2009. This rock slope had been rated 330
on the Rockfall Hazard Rating System, and was therefore considered safe and was
not scheduled for any remediation or safety improvements. The fall occurred near
noon in the absence of any triggering events. The initial fall covered the entire
road and threatened to dam the Cowpasture River, to the right in the image. Total
rockfall volume was approximately 13,000 standard cubic yards. Removal of
loose debris cost approximately $460,000.00, and total remediation approached
$1,000,000.00
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Figure 6: Typical block in the Deerfield Rockfall. The block is defined by 3 sets
of near-perpendicular joints marked by hackle plumes. All surfaces were dry at
the time of the rockfall. The hammer is 22 inches long. The block measures
approximately 1m x 1m x 2m.
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Figure 7: V90 related to Q, Rock Mass Rating, and Geological Strength Index.
Ninetieth-percentile volume (V90) related to several common strength indices:
The Norwegian Geotechnical Institutes Tunneling Index (Q), the Geological
Strength Index (GSI) and the Rock mass Rating (RMR). Please see text for
discussion. Circles represent GSI, squares represent Q, and triangles represent
RMR.
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Figure 8: Strength Indices related to lithology. Circles represent GSI,
squares represent Q, and triangles represent RMR.
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APPENDIX

